The mean specific biovolumes (biovolume cell-) of the bacterioplankton within a 250-m-deep water column in Howe Sound, British Columbia, were determined for the period of 4 September 1984 to 23 October 1985. These bacteria had an annual cycle in mean specific biovolume; they were small (ca. 0.058 ,um3) in mid-winter, larger in spring (ca. 0.076 ,um3), larger again in summer (up to 0.102 ,um3), and largest (ca. 0.133 ,um3) in early fall (immediately after the decrease in phytoplankton production). The mean specific biovolumes changed coincidently through the water column with time, although the larger bacterioplankton tended to occur in the surface and deepest water. Although the mean specific biovolumes correlated better with in situ temperature (r = 0.65, a = 0.01) than with in situ chlorophyll a concentration (r = 0.34, a -0.25), modeling experiments with batch cultures of the dinoflagellate Prorocentrum minimum (Pavillard) and the green alga Dunaliella tertiolecta (Butcher) indicated that the biomass and physiological condition of the phytoplankters may be more important than temperature in determining these bacterial specific biovolumes.
The use of epifluorescence and scanning electron microscopy for direct observation of natural aquatic bacteria has resulted in a sizable data set of their cell shapes, sizes, and calculated biovolumes (8, 9, 13, 14, 16, 19, 27, 36, 38) . Most of these rod-, coccus-, and vibrio-shaped aquatic bacteria (13, 19, 31, 38, 39) are between 0.4 and 0.5 ,um in width and <1.2 ,um in length, although some cells can be as small as 0.2 ,um in the largest dimension and others can be >1.2 p.m in length (22, 38, 39) .
The specific biovolumes (i.e., biovolume cell-') of bacterioplankton also show a large range in values. Krambeck et al. (19) found the mean specific biovolume of the bacteria in Lake Plussee to range from 0.018 to 0.130 p.m3 over an annual cycle, whereas the late summer specific biovolumes of the bacteria in 10 lakes in the Federal Republic of Germany ranged from 0.015 to 0.022 p.m3. Fuhrman (14) calculated the mean specific biovolumes of the bacteria in water removed adjacent to Scripps pier and from coastal California to be 0.145 and 0.81 p.m3, respectively, whereas Palumbo et al. (27) found the specific biovolumes in the Newport River estuary and from diverse areas in the Gulf of Mexico to range from 0.072 to 0.096 and 0.076 to 0.096 p.m3, respectively. Salonen (30) determined the mean specific biovolumes of the bacterioplankton in several Finnish lakes to range from 0.04 to 0.24 p.m3. The specific biovolumes of these bacteria from the various waters ranged from 0.015 to 0.24 p.m3, a difference of 16-fold.
The mean specific biovolume of the bacterial flora in each of these waters is probably characteristic of the species mixture present and their physiological condition at the time of sampling. However, at other times the mean specific biovolumes of the cells in each water body may change since at least some bacteria can alter their sizes and shapes in response to environmental changes such as organic nutrient concentrations. Torrella and Morita (34) have shown that "a certain number of marine bacteria, upon inoculation onto a nutrient rich agar surface, displayed an increase in cell size...." Novitsky and Morita (26) showed that a marine vibrio decreased in size and changed from a rod to a coccus * Corresponding author. upon organic nutrient starvation. Felter et al. (12) found that the marine psychrophilic bacterium "Vibrio marinus" also formed cocci when nutrient starved. And Amy et al. (3) have shown that starvation-induced "ultramicrocells" become normal-sized bacteria when supplied with suitable organic nutrients.
If the organic nutrient quantity and quality significantly influence bacterial specific biovolumes in situ, one should observe an annual cycle in bacterial cell sizes in temperate natural waters. The bacteria should be large in spring and summer during periods of phytoplankton (which serve as the major bacterial nutrient source) growth and small in winter when the phytoplankton are inactive. The deeper and more nutrient poor water of the aphotic zone should contain smaller cells. To test this hypothesis, we investigated the specific biovolumes of the bacterioplankton in the photic and aphotic zones of the water column of a temperate western Canadian fjord over an annual cycle.
MATERIALS AND METHODS
Water samples were removed from station 1 in Howe Sound, a fjord sound (33) contiguous to the Strait of Georgia, British Columbia (Fig. 1) attached and aggregated bacteria (37 where I = length and w = width (18) .
To determine the influence of temperature versus organic matter concentration on bacterial specific biovolumes, we sampled water from a depth of 150 m at station 1 on 26 October 1986. The temperature of this water was 9°C. Two 10-ml portions were each filtered through a 2-p.m-pore-size Nuclepore membrane to remove particulate materials and all but the free bacteria. Each filtrate was then added to 1 liter of sterile artificial seawater (salinity = 27%o) containing 1.5 mg of autoclaved Dunaliella tertiolecta cells, and one mixture was incubated at 14WC (approximately the highest summer water temperature of the upper portion of the Howe Sound water column) and the other was incubated at 6°C (approximately the lowest winter temperature of the Howe Sound water column) (see Fig. 4 ). The mean specific biovolumes of the bacteria contained within each water sample were assayed at time zero and after 5 days of incubation.
The interaction between bacterial specific biovolumes and the physiological condition of phytoplankton was studied with unialgal cultures of Prorocentrum minimum (Pavillard) Schiller and D. tertiolecta (Butcher). These algae were obtained from the North East Pacific Culture Collection, University of British Columbia, and grown in batch culture as described by Albright et al. (2) . During the growth cycle of each culture the Chl a and algal cell concentration as well as the bacterial specific biovolumes were determined.
RESULTS
There was an annual cycle in the mean specific biovolume of the total bacteria in the Howe Sound water column (Fig.  2 their values were not significantly different from those of the total bacterioplankton (Fig. 2) . When all biovolume data were plotted with computergenerated three-dimensional graphs with hidden lines removed by using the DISPLA program of Integrated Software Systems Corp. (San Diego, Calif.) (Fig. 3) , two trends were noted. First, the mean specific biovolumes of the total (free plus attached) bacteria tended to vary coincidently with time through the water column. And second, the largest bacteria tended to occur in the surface and, occasionally, the deepest water.
When the 10-ml filtered Howe Sound water samples obtained on 26 October 1986 were incubated in artificial seawater with dead algae added as the substrate, the mean bacterial specific biovolume of the inoculated cells increased within 5 days from 0.017 + 0.002 ,um3 to 0.026 + 0.003 and 0.025 + 0.003 ,um3 at 14 and 6°C, respectively.
The phytoplankton at this station had an annual cycle in production and Chl a. Primary productivity was initiated in mid-winter (mid-January), moderate in the spring and late winter, high during the summer, markedly reduced in the fall, and very low in early to mid-winter (November and December 1984) (2) (Fig. 4) . Chl a concentrations were low in winter and increased several months after primary production was initiated in mid-January. Peak concentrations occurred in spring and summer. Chl a concentrations then decreased in late summer and early fall (Fig. 4) .
Surface (0 to 40 m) water also had annual cycles in temperature and bacterial specific biovolume. These were minimal in winter and maximal in summer and fall, respectively (Fig. 4) . Temperature was positively correlated with specific biovolume (r = 0.65, a = 0.01) (Fig. 4) . The correlation values of primary production and Chl a concentration on bacterial specific biovolume were 0.24 (a = 0.24) and 0.34 (a = 0.25), respectively.
Since many investigators have observed a relationship between organic nutrients and bacterial size (see Introduction) we modeled this interaction using phytoplankters as the bacterial substrate. Growing cells of P. minimum had an associated bacterial microflora the cells of which grew along with this alga (Fig. 5A and B) . As these bacteria grew, they increased their mean specific biovolume from approximately 0.139 to 0.226 ,um3. When this alga stopped growing (ca. day 25), the bacteria also ceased to grow, and their mean specific biovolumes remained relatively constant for approximately The mean specific biovolumes of the bacteria associated with the diatom D. tertiolecta showed a somewhat different response to the growth of this alga ( Fig. 6A and B) . That is, bacterial mean specific biovolumes remained relatively constant at ca. 0.250 p.m3 while these algae were growing. When the algae stopped growing (at day 14, approximately), the bacterial mean specific biovolume also remained static for several days and then greatly increased in a very short period of time to approximately 1.373 ,um3 by day 22 mately day 66 this alga began to grow again. This was followed by an increase in the mean specific biovolume of the bacteria by day 95, approximately (Fig. 6B) .
The free bacteria had approximately the same specific biovolumes as the total bacteria while these two algae were growing and when they were in the late stationary phases ( Fig. 5 and 6 ). But the free bacteria were significantly smaller than the total bacteria in the immediate postgrowth periods of each alga. Walker (10) found that the mean specific biovolume of the bacterioplankton in the Bay of Fundy was 0.11 ,um3 in spring and 0.09 ,um3 in summer, a difference of 1.2-fold, and Straskabova and Komarkova (31) found that the bacteria of a freshwater reservoir ranged from 0.061 p.m3 in the spring to 0.125 ,um3 in the late summer. Our data and these reports clearly indicate that cell sizes of bacterioplankton do change with the seasons and over an annual cycle. The remainder of this report discusses some of the factors which can influence the sizes of Howe Sound bacterioplankton over an annual cycle.
We know from several studies that physical (e.g., hydrostatic pressure [40] ), chemical (e.g., organic nutrient quantity and quality [3, 26] ), and biological (e.g., flagellate [4] and ciliate grazer activity [35] ) factors can alter bacterial sizes within a population. The difficulty with interpretation of some of these experiments, however, is that they were done in the laboratory and may not therefore be readily related to the in situ conditions of Howe Sound. Hydrostatic pressure is an example; this remained approximately constant at each depth, and only varied from 1 atm (101 kPa) at the water surface to ca. 25 atm at 250 m within the water column. It is unlikely that this parameter influenced the annual cycle in bacterial specific biovolume.
Our observations indicate that water temperature was significantly correlated with the Howe Sound specific bacterial biovolume (r = 0.62, a = 0.01). This is very similar to the relationship reported by Rublee (29) , who found a correlation coefficient of 0.65 (P < 0.05) when he investigated the annual cycle of bacterial specific biovolumes in a North Carolina salt marsh sediment. One would therefore expect that the Howe Sound bacterioplankton treated with phytoplankton debris at a concentration mimicking that of seawater would develop into larger cells at an elevated (i.e., 14°C) incubation temperature than at the lower (6°C) temperature.
That this did not happen indicates that this temperature change probably does not have a direct influence on the bacterial specific biovolumes of the community collected on 26 October. However, since the species composition of the bacterial community probably varies throughout the year the response of the bacterial community present at other times may not be similar.
Positive but weaker correlations were found between primary production, Chl a, and bacterial specific biovolume. Based on these data it appears that phytoplankton, the main source of organic nutrients for heterotrophic bacteria in aquatic environments, may influence the bacterial specific biovolumes. Others (e.g., Morita [23] , Novitsky and Morita [26] , and Tabor et al. [32] ) have also suggested that heterotrophic marine bacteria alter their cell size in response to organic nutrients. These investigators found that in nutrientrich environments the bacteria were large, whereas in nutrient-poor environments the cells were small. In most natural aquatic ecosystems the deeper aphotic waters are generally more nutrient depleted than the surface euphotic waters (5) . And the organic nutrients of the euphotic zone temperate waters are generally more nutritive and in greater concentrations, particularly during periods of phytoplankton growth and in the immediate post-primary production period, as compared with the nonproductive winter months (6, 7, 11, 20, 21) .
When we modeled this phytoplankton-bacterial specific biovolume interaction using batch cultures of P. minimum and D. tertiolecta with their associated bacterial flora, a very similar sequence of bacterial biovolumes occurred in both cultures as these algae grew ( Fig. 5 and 6) . A characteristic common to both cultures was that the bacteria were largest immediately after the algae became senescent. We have previously suggested (2) that at this time these algae excreted increased amounts of organic nutrients which were immediately utilized by heterotrophic bacteria, many of which became enmeshed in a gelatinous matrix surrounding the senescent algae. We also found that the Howe Sound bacterioplankton became largest in late summer and early fall (September to October) at a time when the phytoplankton had greatly decreased production (1) and when the temperature had begun to decrease (Fig. 2 to 4) . On the basis of these observations, we suggest that a major determinant of the bacterial specific biovolumes is the quantity and quality of organic nutrients in this water column with particular reference to the phytoplankton.
For much of the annual cycle the free bacteria had specific biovolumes similar to those of the total bacterioplankton (Fig. 2) . However, there were three occasions in which the free cells were different in size from the total bacteria. Two of these times occurred in early fall (October 1984 and September 1985) , at a time when the phytoplankton had greatly diminished production. We were able to mimic this response using cultures of both P. minimum and D. tertiolecta ( Fig. 5 and 6 ). The biovolumes of the total bacteria increased shortly after senescence occurred, while the biovolume of the free bacteria did not greatly increase. We suggest that at this time there is preferential growth of the attached bacteria (perhaps on exudate released by the newly senescent algae) which then become significantly larger than the free bacteria.
The hypothesis that the deeper water of the aphotic zone of Howe Sound would contain smaller bacteria was only partially correct. During the summer months larger bacteria occurred in the surface waters, whereas during the remainder of the year the bacterial biovolumes were relatively uniform through the water column except for several surface (1 and 5 m) and deep (usually 250 m) water samples. We suggest that this is due to the general feature that in aquatic environments the most suitable milieu for bacterial growth is the surface euphotic water and surface sediments (1, 5, 11, 20, 21, 24, 25) . The presence of these larger bacteria may be due to the greater availability of readily metabolizable organic nutrients for bacterial growth in the surface water, particularly during summer when phytoplankton are productive. The larger bacteria found in water at 250 m may also be a response of these bacteria to nutrients. But in this case the organic nutrients may originate in the surface sediments and have diffused or been resuspended in the near-overlying water by bottom currents. Another explanation may be that surface sediment bacteria were resuspended in the deeper water column by near-bottom currents since the 250-m sampling depth is only ca. 30 m from the sediment surface.
Most of the bacteria in this water column were free floating (2) . Since Jassby (18) has shown that aquatic bacteria are almost neutrally bouyant and Fuhrman and Azam (15) have concluded that only particle-attached bacteria appear to be readily transported to deeper water, sinking of free bacteria cannot be used to explain the coincident and generally quite rapid change in the specific biovolumes of the bacteria through this 250-m-deep water volume with time (Fig. 3) . More likely explanations are that (i) attached bacteria are sloughing off particles as they sink, (ii) bacteria are lost from sinking particles as daughter cells (17) , and (iii) dissolved organic matter leaching from sinking particulates supports the growth of the free bacteria.
In summary, the annual cycle in bacterial specific bio- 
